Abstract-An efficient synthesis of both R-and S-enantiomers of 2-arylallyl-α-amino acids via a diastereoselective Pd/In mediated catalytic allylation of chiral N-sulfinyl-α-imino esters is described. The potential for further enhancing molecular complexity and creating contiguous chiral centers by interfacing these processes with catalytic cyclisation-anion capture methodology is demonstrated. © 2007 Elsevier Science. All rights reserved ---* Corresponding author. Tel.:+443436501; fax:+443436530; e-mail:r.grigg@leeds.ac.uk.
The synthesis of peptides and proteins containing nonnatural α-amino acids vastly increases the structural and chemical diversity of polypeptides.
Novel α-amino acid side-chains and the availability of both R-and S-stereoisomers enable tuning of pharmacokinetics, formation of β-sheets and other peptide structural motifs that effect biological activity and structural properties.
The synthesis of "designer" peptidomimetics, incorporating and/or modifying the beneficial aspects of the parent polypeptides whilst also possessing enhanced metabolic stability and/or improved pharmacokinetics is an area of burgeoning interest. [1] [2] [3] The asymmetric alkylation of glycine cation equivalents is a general, efficient route to non-proteinogenic α-amino acid derivatives. Previously, our group reported highly regio-and diastereo-selective Pd/In mediated cascade allylations of carbonyl compounds including a highly stereoselective allylation of chiral N-sulfinyl aldimines. [4] [5] [6] [7] [8] [9] [10] We now report further applications of the tert-butyl sulfinyl chiral auxilliary, which has been widely used in the synthesis of chiral amines including 1,2-amino alcohols and α-and β-amino acids, [11] [12] [13] to a new approach to unusual α-amino acids.
The Pd/In bimetallic cascade process involves generation of an electrophilic π-allyl palladium species 1 that undergoes transmetallation in the presence of indium, furnishing nucleophillic η 1 -allylindium species 2. Allylation of the enantiopure N-sulfinyl-α-imino ester 3, affords N-sulfinyl-α-alkyl-α-amino esters 4 as single diastereoisomers (Scheme 1). Initial experiments employing iodobenzene and a catalyst system comprising of 10 mol % Pd(OAc) 2 , 20 mol % tris-2-furylphosphine and 20 mol % CuI in DMF at 40 o C confirmed these expectations (Table 1 , entry 1).
The scope of the reaction was explored through a series of aryl iodides (Table 1) . X-Ray crystal structures of one such pair S,S-6 and R,R-6 ( Fig. 1) , derived by partial deprotection of S,S-4g and R,R-4g, established that the Ssulfinimine engenders S stereochemistry at the new chiral centre and the R-sulfinimine provides R stereochemistry at the new chiral centre.
14 Non-proteinogenic α-amino acids 5 are obtained in good to excellent yield (Table 1 ) from 4 via a two-step deprotection process (Scheme 2).
A rationale for the stereochemical outcome of the cascade 3 → 4 is summarised in Fig. 2 . The four possible Zimmerman-Traxler, chair-like transition states 7 -10 have been modelled using semi-empirical calculations. 15 These correspond to additions of the allyl indium intermediate to either the re or si face of the S-sulphoximine, each of which can involve two possible chair-like arrangements. The heats of formation (ΔHf) and imaginary vibrational frequencies (ν i ) for transition states corresponding to additions to the Ssulphoximine indicate a marked preference for transition state 10, which locates the ester moiety axially. Closer inspection of this transition state reveals that the ester carbonyl oxygen is located near to the indium atom (O -In distance of 2.80Å) indicating coordination to the indium atom. This transition state leads to the product possessing S stereochemistry at the newly created chiral centre. Interestingly, transition state 10 also locates the sulphoxide oxygen near to the metal centre (at a distance of 2.75Å) and this, although now involving a 4-membered ring, may also further stabilise the transition state. To further extend the scope of our chemistry, we have utilised bifunctional aryl iodide/allenes 13 -16 (Scheme 3) allowing access to our catalytic cyclisation -anion capture methodology. 16 The cyclisation -allylation reaction is entirely regio-and diastereo-selective generating two contiguous chiral centres with complete stereocontrol, affording 17 -20 in moderate to good yield (Table 2) .
A matched pair of X-ray crystal structures S,S,R-18 and R,R,S-18 14 established that the R-sulfinimine engenders R stereochemistry at the 5-position and S stereochemistry at the 6-position (Table 2 , entries 3 and 4, Fig. 3 ). Semiempirical calculations reveal a similar trend to those described above. In this case, four chair-like transition states are possible giving rise to four possible diastereoisomeric products. S,S-6 R,R-6 Figure 1 . X-Ray crystal structures of a matched pair of enantiomers.
The most energetically favourable transition state 21 leads to the formation of 18. As in the case of 10 ( Fig. 2) , this The most energetically favourable transition state 21 leads to the formation of 18. As in the case of 10 ( Fig. 2) , this transition state appears to be stabilised by coordination to the indium involving both the sulphoxide and ester (Fig. 4) . This transition state is calculated to be nearly 8 kcal/mol lower in energy than the next most energetically favoured transition state, thus acounting for the observed stereochemical preference in this reaction. In conclusion, we have described a short, efficient, diastereoselective synthesis of 2-arylallyl-α-amino acids as single enantiomers with either R or S stereochemistry. Application of bifunctional allene/aryl iodides as substrates furnishes enantiopure N-sulfinyl-α-amino esters with two contiguous chiral centres via a regioselective process. The stereochemical outcome of both types of process has been modelled by semi-empirical calculations which highlight the key transition state influence of chelation to indium by both the sulfoxide and carbonyl oxygen atoms. 
Experimental
Unless otherwise noted all reagents were obtained from commercial suppliers and used without further purification. All solvents were dried or purified by literature procedures i . Chromatography columns were prepared using Fisher chemicals 60A 35 -70 micron silica gel. Nuclear magnetic resonance spectra were recorded using Bruker DPX300 and DRX500 MHz spectrometers. Chemical shifts are reported in parts per million (δ) downfield relative to the internal reference tetramethylsilane. Unless otherwise specified NMR spectra were recorded in deuterochloroform at room temperature. Abbreviations used; Ar = aromatic, d = doublet, dd = doublet of doublets, dq = doublet of quartets, dt = doublet of triplets, m = multiplet, q = quartet, s = singlet, t = triplet. Mass spectra were recorded using a micromass ZMD 2000 spectrometer employing the electrospray (ES+) ionisation technique. Accurate molecular masses were obtained from the EPSRC Swansea Mass Spectroscopy service using perfluorotributylamine or polyethylenimine as an internal standard. Infra-red spectra were recorded using a Perkin-Elmer FT-IR spectrometer. IR spectra of liquids were recorded as thin films on sodium chloride plates. IR spectra of solids were recorded using the "golden gate" apparatus. Optical rotations were measured on an Optical Activity AA-1000 polarimeter. 
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Rotations are quoted in 10 -1 deg cm 2 g -1 and the concentration (c) is expressed in g per 100 mL. Unless otherwise stated chloroform was the solvent. Microanalysis was performed using a Carlo-Erber 1108 elemental analyser and, for sulfur, by titration against barium perchlorat General procedure for synthesis of N-sulfinylamino esters 4a -h Aryl iodide (0.75 mmol) was added to a suspension of chiral α-iminoester 3 (0.5 mmol), indium metal powder (0.088 g, 0.75 mmol), Pd(OAc) 2 (0.011g, 0.05 mmol), tri-2-furyl phosphine (0.024 g, 0.1 mmol), CuI (0.019 g, 0.1 mmol) and piperidine (0.05 ml, 0.5 mmol) in DMF (10 ml) in a Schlenk tube. The mixture was subjected to two freeze, pump, thaw cycles and then charged, using standard Schlenk techniques, with allene gas (0.5 bar). The mixture was stirred and heated to 40 o C (oil bath temperature) for 24 h, left to cool and vented. Ethyl acetate (20 ml) and 5 % HCl aqueous solution (10 ml) added and the mixture stirred for 20 mins. The phases were separated and the aqueous layer extracted with ethyl acetate (20 ml). The organic extracts were combined and washed with water (3 x 40 ml), dried over magnesium sulfate, filtered and the filtrate concentrated in vacuo. The residue was purified by flash chromatography to give the N-sulfinylamino esters. 
Ethyl 2R,4R-(6-chloro-pyridin-2-yl)-2-(2-methylpropane-2-sulfinylamino)-pent-4-enoate (R,R-4f)
Obtained as a pale yellow oil (0.088 g, 49 %) after flash chromatography 
Ethyl 2S,4S-(3,4-dichloro-phenyl)-2-(2-methyl-propane-2-sulfinylamino)-pent-4-enoate (S,S-4g)
Obtained as a pale yellow oil (0.144 g, 73 %) after flash chromatography 
2S,4S-(3,5-bis-trifluoromethyl-phenyl)-2-(2-methyl-propane-2-sulfinylamino)-pent-4-enoate (S,S-4h)
Obtained as a pale yellow oil (0.159 g, 69 %) after flash chromatography 
2-(S)-2-Amino-4-(4-trifluoromethyl-phenyl)-pent-4-enoic acid (S-5d)

General procedure for synthesis of N-sulfinyl α-aminoesters 17 -20
Bi-functional aryl iodide/allene (0.75 mmol), was added to a suspension of chiral α-iminoester (0.5 mmol), indium metal powder (0.088 g, 0.75 mmol), Pd(OAc) 2 (0.011g, 0.05 mmol), tri-2-furyl phosphine (0.024 g, 0.1 mmol), CuI (0.019 g, 0.1 mmol) and piperidine (0.05 ml, 0.5 mmol) in DMF (10 ml) in a Schlenk tube. The mixture was stirred and heated to 60 o C (oil bath temperature) for 24 h, left to cool and vented. Ethyl acetate (20 ml) and 5 % HCl solution (10 ml) added and the mixture stirred for 20 mins. The phases were separated and the aqueous layer extracted with ethyl acetate (20 ml). The organic extracts were combined and washed with water (3 x 100 ml), dried over magnesium sulphate, filtered and the filtrate concentrated in vacuo. The residue was purified by flash chromatography to give the N-sulfinylamino esters. 
